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SUMMARY 
Noise measurements of a stoppable X-Wing ro to r  system model, t e s t ed  i n  t h e  Ames 
40- by 80-Foot Wind Tunnel, a r e  summarized. Performance, cont ro l  system s t a b i l i t y ,  
and noise of t he  model were invest igated a t  var ious forward speeds, t i p  speeds, col- 
l e c t i v e  blade angles ,  j e t  blowing v e l o c i t i e s ,  and model a t t a c k  angles. The model was 
t e s t e d  i n  the ro t a t ing  wing he l icopter  configurat ion,  i n  the  f ixed wing configurat ion,  
and i n  wing c o n f i g u r a t i o ~ s  between t h e  two. Noise da ta  obtained i n  t he  he l icopter  
configuration a t  the  two highest t i p  speeds (Mach 0.44 and 0.47) and a t  wind tunnel  
speeds be1 ow 140 knots a r e  reported. Test configurat ion and performance information 
a r e  included. Fixed wing, low ro to r  t i p  speed, and high forward speed cases  a r e  
excluded because the  background noise  exceeded t h e  model no ise  under those conditions.  
General acoust ic  measurements (dB, dBA, and PNdB) a t  s i x  microphonz loca t ions  a r e  
presented f o r  a l l  condi t ions under which the  background noise  was below t h e  model 
noise.  More s p e c i f i c  measurements (113-octave and blade passage frequency harmonic 
l eve l s )  a r e  presented f o r  se lec ted  conditions.  Graphs of dBA and 113-octave spec t ra ,  1 
which show the  noise  t rends a s  funct ions of operat ing condit ion,  a r e  included. The I 
no ise  depends mainly on the  j e t  blowing ve loc i ty .  The noise  l eve l s  were highest  a t  ! 1 
moderate j e t  blowing v e l o c i t i e s ,  l e s s  a t  t h e  highest  ve loc i ty ,  and lowest wi th  no 
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The l i f t i n g  c a p a c i t y  of t h e  r o t o r  on t h e  r - t r e a t i n g  s i d e  of t h z  r o t o r  d i s k  l i m i t s  
t h e  maximum speed of t h e  h e l i c o p t e r  i n  forward f l i g h t .  I n  previous a t t empts  t o  s o l v e  
t h i s  problem and thus  i n c r e a s e  forward speed, coun te r - ro ta t ing  r o t o r s ,  t i l t i n g  
r o t o r s ,  and compound h e l i c o p t e r s  w i t h  n o n r o t a t i n g  wings have been used w i t h  l i m i t e d  
success .  
The X-Wing model, shown i n  f i g u r e  1, has  a  s toppab le  r o t o r .  Four b lades  r o t a t e  
l i k e  those  of a h e l i c o p t e r  f o r  hover and low speed f l i g h t  bu t  they can be  stopped 
and used a s  two obl ique wings f o r  h igh speed forward f l i g h t .  The X-Wing a i r f o i l ,  
shown i n  f i g u r e  ; ,  is used a s  a  r o t o r  o r  as a  wing, w i t h  t h e  l i f t  producing a i r f l o w  
going e i t h e r  d i r e c t i o n  over t h e  a i r f o i l .  This  d u a l  d i r e c t i o n  a i r f l o w  is  p o s s i b l e  
because t h e  cambered e l l i p t i c  a i r f o i l  has  upper s u r f a c e  blowing a t  b o t h  t h e  l ead ing  
and t r a i l i n g  edges. Compressed a i r  i s  ducted through t h e  a i r f o i l  and blown over  t h e  
t r a i l i n g  edge t o  produce c o n t r o l l a b l e  l i f t  by t h e  Coanda e f f e c t ;  t h i s  technique,  
desc r ibed  by Cheeseman ( r e f .  l ) ,  i s  a l s o  known as c i r c u l a t i o n  c o n t r o l .  A more 
d e t a i l e d  d e s c r i p t i o n  of the X-Wing a i r c r a f t  is  given i n  r e f e r e n c e  2.  
X-Wing no i se  may be  expected t o  d i f f e r  from convent ional  h e l i c o p t e r  r o t o r  noibe.  
F i r s t ,  t h e  use of c i r c u l a t i o n  c o n t r o l  achieves  good r o t o r  performance whi le  t h e  r o t o r  
i s  opera t ing  a t  low t i p  speeds.  Lowering t h e  t i p  speed rsduces n o i s e  from a l l  of t h e  
convent ional  sourcep and.reduces t h e  convect ive  a m p l i f i c a t i o n  f a c t o r .  Second, c i rcu-  
l a t i o n  c o n t r o l  in t roduces  s e v e r a l  new sources  of nbise :  a l l  of t h e  n o i s e  sources  
a s s o c i a t e d  w i t h  t h e  j e t  blowing, t u r b u l e n t  mixing, shear- layer  i n s t a b i l i t i e s ,  and 
nozz le  l i p  n o i s e ,  which add t o  t h e  broadband noise .  
EXPERIMENT 
Model 
The X-Wing model ( f i  g. 1)  c o n s i s t s  of a  7.6-m diameter r o t o r  above a  s t reaml i  .ned 
fuse lage  mounted on t h r e e  s t r u t s  i n  t h e  wind tunne l .  An e l e c t r i c  motor i n s i d e  t h e  
fuse lage  powers t h e  r o t a t i n g  s h a f t .  During hover and low speed f l i g h t ,  t h e  four  
b lades  r o t a t e  a s  they would on a  convent ional  h e l i c o p t e r ;  however, dur ing  h igh  speed 
f l i g h t ,  t h e  conf igura t ion  of t h e  four  r o t o r  b lades  is  changed, and they a r e  used a s  
two f ixed ,  ob l ique  wings t h a t  c r o s s  a t  t h e  c e n t e r  of t h e  fuse lage .  The cambered 
e l l i p t i c  a i r f o i l s  ( f i g .  2 )  provide l i f t  i n  a l l  conf igura t ions ;  s l o t s  on b o t h  edges of 
the  top  s u r f a c e s  of t h e  a i r f o i l s  a l low j e t s  t o  provide c i r c u l a t i o n  c o n t r o l .  A i r  f o r  
c i r c u l a t i o n  c o n t r o l  was suppl ied by two compressors loca ted  below t h e  wind t u n n e l  
f l o o r .  Th i s  a i r  was ducted through t h e  f l o o r ,  up a s t r u t ,  through t h e  model t o  t h e  
r o t o r  hub, and thence t o  t h e  r o t o r  wing. Valves a t  t h e  hub c o n t r o l  t h e  a i r  d i s t r i b u -  
t i o n  t o  produce c o n t r o l l e d  j e t  blowing a t  t h e  t r a i l i n g  edge s l o t  of each s i r f o i l .  
The repor t  by BalLard et a l .  ( r e f .  3) c o n t a i n s  a more d e t a i l e d  d e s c r i p t i o n  of the  
mode 1. 
Acoustic Equipment 1 :. 
Acoustic d a t a  were acquired wi th  s i x  1.3-cm condenser microphones equipped w i t h  
nose cones t o  reduce a i r f l o w  n o i s e  on t h e  microphones. Figure  3 and t a b l e  1 show t h e  
l o c a t i o n s  of t h e  s i x  microphones. Four microphones were loca ted  upstream of t h e  
model, and two microphones were loca ted  c l o s e  t o  t h e  model. Deta i led  measurements 
a r e  shown i n  t h e  f i g u r e s  and appendixes f o r  t h e  microphones c i r c l e d  i n  f i g u r e  3. 
S igna l  c o n d i t i o n e r s  powered t h e  microphones and c o n t r o l l e d  t h e  gain  of t h e  a c o u s t i c  
s i g n a l .  A 14-track FM t a p e  recorder ,  running a t  15 i p s  t o  g ive  a bandwidth of 
10 kHz, was used t o  record t h e  a c o u s t i c  s i g n a l s .  The s i g n a l s  were monitored befor?  
and a f t e r  r ecord ing  wi th  a dual-channel o s c i l l o s c o p e  and nar rowband  ana lyse r .  
Figure  4 is a schematic of t h e  d a t a  a c q u i s i t i o n  system. 
T e s t  
The performance, c o n t r o l  system c a p a b i l i t i e s ,  and n o i s e  of t h e  X-Wing model were 
measured i n  t h e  Ames 40- by 80-Foot Wind Tunnel. The model was t e s t e d  f o r  changes 1 
w i t h  t h e  fol lowing parameters: forward speed,  t i p  speed,  l i f t  c o e f f i c i e n t ,  j e t  pres- 
s u r e  r a t i o ,  and model a t t a c k  angle .  T e s t i n g  included t h e  r o t a t i n g  and f i x e d  wing 1 ! conf igura t ions  and t r a n s i t i o n s  between t h e  two. A more d e t a i l e d  d e s c r i p t i o n  of t h e  
test is i n  re fe rence  3. < i 
During each s teady  c o n d i t i o n ,  a 30-sec sample cf a c o u s t i c  d a t a  was recorded f o r  1 
l a t e r  a n a l y s i s .  To a s s u r e  a maximum signal- to-noise  r a t i o ,  t h e  ga in  of t h e  a c o u s t i c  ! 
s i g n a l  was ad jus ted  i n  10-dB i n t e r v a l s .  A l l  of t h e  microphones were c a l i b r a t e d  each 
day w i t h  a 124-dB, 250-Hz s i g n a l  from a pistonphone. Background wind tunne l  n o i s e  i 
was recorded a t  60,  90, 120, and 180 knots  whi le  t h e  model was i n s t a l l e d  i n  t h e  wind ! 
tunne l  wi thout  r o t o r s .  c 
! 
Acoustic Data Reduction 
Thz a c o u s t i c  da ta  were i n i t i a l l y  reduced and analyzed o f f - l i n e  on a minicomputer. ] 
The recorded d a t a  were played back through an  a n t i - a l i a s i n g  f i l t e r  and d i g i t i z e d  t o  I 
go i n t o  t h e  minicomputer. The minicomputer generated 113-octave s p e c t r a  from 1-Hz 
I 
s p e c t r a  in t h e  range of 10 t o  1000 Hz and from 10-Hz s p e c t r a  i n  t h e  range of 1 t o  1 1 
10 kHz. From t h e  113-octave s p e c t r a ,  t h e  minicomputer computed dB, dBA, and PNdB. 
The f i r s t  10 b lade  passage harmonics were computed from t h e  1-Hz, narrow-band s p e c t r a .  ' i The computed a c o u s t i c  d a t a  were t r a n s f e r r e d  i n t o  a computer wi th  t h e  d a t a  base con- 
t a i n i n g  a l l  of t h e  t e s t  parameters measured. Background n o i s e  c o r r e c t i o n s  were made 
t o  t h e  11'3-octave spec t ra .  The background n o i s e  measurements were f i t t e d  t o  a l i n e a r  I 
r eg ress ion  of t h e  form ! 
and s u b t r a c t e d  from t h e  measured s p e c t r a  on a power b a s i s  f o r  each 113 octave,  
b - 
Graphs and t a b l e s  were cons t ruc ted  from t h i s  l a r g e r  d a t a  base .  A flow c h a r t  of t h e  1 ' 
1 %. 
equipment used f o r  d a t a  reduc t ion  is shown i n  f i g u r e  5. 
4 
RESULTS 
General  r e s u l t s  f o r  t h e  X-Wing measurements when t h e  model n o i s e  was above t h e  I 
background n o i s e  a r e  presented i n  appendix A. Conf igura t ion  parameters ,  p e r f o n a n c e  I I 
measurements, and t h e  g l o b a l  a c o u s t i c  measurements ( c o r r e c t e d  and uncorrected dB, I 
dBA, and PNdB) a r e  shown f o r  a l l  of t h e  microphofies. The d a t a  shown a r e  from r o t a t i - i g  I 
r ocor  c o n f i g u r a t i o n s  w i t h  forward speeds of 60,  90, 120, and 140 knots .  A t  h i g h e r  
wind speeds and f o r  t h e  f i x e d  wing c o n f i g u r a t i o n ,  t h e  measured n o i s e  was 3 dB o r  l e s s  
above t h e  background no i se .  A t  t h i s  l e v e l  t h e  measurements become u n c e r t a i n ,  s o  o n l y  
a  few r e p r e s e n t a t i v e  ones are included.  
The g e n e r a l  t r e n d s  i n  t h e  g l o b a l  d a t a  a r e  shown i n  f i g u r e s  6  through 9. Data 
from microphone 3 ,  upstream of t h e  r o t o r ,  and from microphone 6 ,  under t h e  r o t o r ,  a r e  
p l o t t e d  i n  t h e  f i g u r e s .  The uncorrected dBA i s  shown a s  a f u n c t i o n  of j e t  blowing 
Mach number i n  f i g u r e  6 .  Data from wind t u n n e l  speeds of  60,  90, and 120 kno t s  a r e  
shown. The d a t a  were c o l l e c t e d  from c o n f i g u r a t i o n s  w i t h  r o t o r  ang les  of a t t a c k  from 
-4" t o  4O, w i t h  b lade  c o l l e c t i v e  p i t c h  of -3" t o  3",  and a t  a  t i p  Mach number of 0.47. 
The n o i s e  l e v e l  is i n s e n s i t i v e  t o  r o t o r  a n g l e  of a t t a c k ,  and is  lowest  w i t h  no j e t  
blowing, i n c r e a s e s  wi th  j e c  blowing t o  a  maximum a t  about Mach 0 . 7 ,  and then dec reases  
wi th  inc reased  subsonic  blowing. Figure  7  d i s p l a y s  uncorrected dBA a s  a  func t ion  of 
tunnel  wind speed f o r  microphones 3 and 6. With j e t  blowlng, t h e  n o i s e  l e v e l  i s  con- 
s t a n t  below 90 kno t s  and i : lcreases above 90 kno t s .  Without blowing, the  no i se  l e v e l  
i n c r e a s e s  wi th  forward speed w i t h i n  t h e  e n t i r e  range of 60 t o  180 knots .  F igures  8 
and 9  show the  uncorrected dBA a s  a  f u n c t i o n  of r o t o r  l i f t  c o e f f i c i e n t  a t  60 kno t s .  
The r o t o r  l i f t  i s  a  func t ion  of j e t  blowing, c o l l e c t i v e  p i t c h ,  and s h a f t  angle .  Data 
a r e  grouped by cons tan t  c o l l e c t i v e  p i t c h  s e t t i n g  i n  f i g u r e  8 and by c o n s t a n t  j e t  blow- 
ing v e l o c i t y  i n  f i g u r e  9. The c o l l e c t i v e  p i t c h  does not  show any c o r r e l a t i o n  wi th  t h e  
no i se  l e v e l s  f o r  t h e  range t e s t e d ;  however, t h e  j e t  blowing does c o r r e l a t e  w i t h  t h e  
no i se  l e v e l s ,  g iv ing  t h e  h ighes t  n o i s e  l e v e l s  a t  a  Mach number of 0.54 f o r  t h e  s l o t t e d  
j e t .  
Appendix B p r e s e n t s  more d e t a i l e d  a c o u s t i c  d a t a  f o r  s e l e c t e d  d a t a  p o i n t s .  These 
d a t a  a r e  f o r  va r ious  wind speeds ,  j e t  blowing v e l o c i t i e s ,  and ang les  of a t t a c k ;  t h e  
d a t a  a r e  from microphones 3  and 6 .  The t a b l e  i n  appendix B shows 113-octave s p e c t r a ,  
113-octave s p e c t r a  c o r r e c t e d  f o r  background n o i s e ,  and t h e  f i r s t  1 0  b lade  passage 
harmonic sound l e v e l s .  
The background no i se  used f o r  c o r r e c t i o n s  on microphones 3  and 6  is  presented i n  
appendix C.  I n  each 113-octave frequency,  t h e  background n o i s e  was f i t t e d  t o  a  curve  
of t h e  form 
dB = A + B * log(V) 
The curve  f i t s  a r e  e x c e l l e n t  above 250 Hz. A t  lower f requenc ies ,  t h e  f i t  is no t  a s  
good because t h e  spectrum is  dominated by t h e  r o t a t i o n a l  n o i s e  of t h e  t u n n e l  d r i v e  
system; t h e  frequency,  as w e l l  a s  t h e  ampl i tude,  i n c r e a s e s  a s  t h e  t u n n e l  v e l o c i t y  
i n c r e a s e s .  Th i s  ill f i t  i s  of no consequence, because a t  low f requenc ies  t h e  r o t o r ' s  
r o t a t i o n a l  harmonics dominate, and they a r e  of h igher  ampl i tude than t h e  background 
noise .  
Figure  10 shows 113-octave s p e c t r a  a s  func t ions  of j e t  Mach number. Data f o r  
microphones 3  and 6  a r e  shown f o r  wind tunne l  speeds of 60,  90, and 120 kno t s  and f o r  
ang les  of a t t a c k  of 0' and 4".  The curves  show t h e  background n o i s e  and t h e  measured 
n o i s e  from t h e  model w i t h  j e t  Mzch numbers of 0 .0 ,  0.54, and 0.76. I n  a l l  c a s e s  and 
throughout t h e  frequency range,  model n o i s e  l e v e l s  w i t h  j e t  blowing f o r  c i r c u l a t i o n  
c o n t r o l  exceed n o i s e  l e v e l s  wi thout  jet blowing. The tones  from t h e  a i r  compressor 
inc reased  t h e  l e v e l  a s  much a s  15 dB a t  t t , ~  3125-Hz and 6300-Hz 113-octave l e v e l s  
where t h e  compressor b lade  harmonics e x i s t .  Noise l e v e l s  a r e  h ighes t  throughout t h e  
e n t i r e  frequency range f o r  t h e  i n t e r m e d i a t e  j e t  Mach number of 0.54. 
Figure 11 shows t h e  113-octave s p e c t r a  as func t ions  of r o t o r  a n g l e  of a t t a c k .  
Each f i g u r e  d i s p l a y s  t h e  113-octave s p e c t r a  a t  ang les  of a t t a c k  of 4", 0 ° ,  and e i t h e r  
-2" o r  -4" at  a f i x e d  wind tunne l  speed and j e t  blowing Mach number. Spec t ra  a r e  
shown fo: wind tunne l  speeds of 60 o r  120 knots  and f o r  j e t  Mach numbers of 0.0, 0.54, 
and .;,76. The ang le  of a t t a c k  has  l i t t l e  e f f e c t  on t h e  n o i s e  s p e c t r a  except a t  one 
condi t ion:  a t  60 kno ts  w i t h  no j e t  blowing, t h e  -4" a n g l e  of a t t a c k  h a s  h igher  n o i s e  
l e v e l s  i n  t h e  mid-frequency range. 
CONCLUDING REMARKS 
Noise measurements were made on a  7.6-m-diameter model X-Wing r o t o r  i n  t h e  Ames 
40- by 80-Foot Wind Tunnel. General n o i s e  measurements (dB, dBA, and PNdB f o r  uncor- 
r e c t e d  and background cor rec ted  n o i s e )  a t  a l l  microphone l o c a t i o n s  and s p e c i f i c  
n o i s e  measurements (biade-passage harmonic s p e c t r a  and uncorrected and background 
c o r r e c t e d  113-octave s p e c t r s )  f o r  two r e p r e s e n t a t i v e  microphones a r e  presented.  With 
t h e  model i n  t h e  f i x e d  wing c o n f i g u r a t i o n  o r  a t  forward speeds above 120 kno ts ,  t h e  
model no i se  was below t h e  background tunne l  no i se .  X-'Jing n o i s e  depended mainly on 
t h e  j e t  blowing. Noise l e v e l s  were lowest  without any j e t  blowing, h ighes t  w i t h  some 
jet blowing, and in te rmedia te  w i t h  high subsonic  j e t  blowing. C o l l e c t i v e  b lade  p i t c h  
changes had l i t t l e  e f f e c t  on t h e  n o i s e  f o r  t h e  range t e s t e d ,  namely -3' t o  3". Noise 
l e v e l s  remained cons tan t  w i t h  changes i n  ang le  of a t t a c k  i n  t h e  range of 4" t o  -4" 
and inc reased  w i t h  inc reased  forward speed. 
The X-Wing r o t o r  has t h e  p o t e n t i a l  of be ing  q u i e t e r  than convent ional  r o t o r s ;  
according t o  Mosher ( r e f .  4 ) ,  i t s  n o i s e  l e v e l s  a r e  l e s s  than those  of a modern h e l i -  
c o p t e r  a t  moderate and high forward speed.  
Ames Research Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 
Moffet t  F ie ld ,  C a l i f o r n i a  94035, November 1982 
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Figure 3.- Microphone locations. 
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